A combined-disk method using imipenem and cloxacillin was evaluated to discriminate between carbapenemase-producing (n ‫؍‬ 56) and nonproducing (n ‫؍‬ 62) strains of Pseudomonas aeruginosa. With a cloxacillin load of 4,000 g/disk, this very simple method showed a sensitivity and a specificity of 100%, irrespective of the type of carbapenemase produced.
D evelopment of carbapenem resistance is common in Pseudomonas aeruginosa, as it now concerns about 15 to 20% of clinical strains isolated in Europe (EARS-Net Database) and the United States (1) . This resistance, which is due mainly to alteration of the OprD porin, the specific uptake pathway of carbapenems in P. aeruginosa (2) , may also result from acquisition of foreign genes encoding Ambler class A, class B, or class D ␤-lactamases able to hydrolyze carbapenems at various degrees (3) (4) (5) (6) . Over the last decade, strains producing metallo-␤-lactamases (MBLs) of different types (e.g., AIM, FIM, GIM, IMP, NDM, SPM, VIM) have been reported with an increasing frequency in P. aeruginosa worldwide (3) (4) (5) (6) (7) . In order to improve the detection of carbapenemase producers, various inhibitor-based tests and enzymatic assays (e.g., NP-Carba) have been proposed as a first screening step prior to the use of confirmatory molecular techniques (8) (9) (10) (11) . However, because most of imipenem-nonsusceptible strains are just OprD-deficient mutants, these phenotypic or enzymatic tests usually yield low rates of positivity. In this study, we evaluated the performance of a very simple, inexpensive detection method applicable in medical laboratories that combines imipenem and cloxacillin, a strong inhibitor of intrinsic cephalosporinase AmpC, in order to discriminate carbapenemaseproducing strains from nonproducers. This test is based on the observation that imipenem resistance resulting from OprD deficiency requires constitutive and/or carbapenem-induced overproduction of AmpC (12) . Therefore, inhibition of AmpC by cloxacillin is expected to restore partial or complete sensitivity to imipenem in OprD-deficient strains but not in carbapenemasepositive strains.
A panel of 118 imipenem-nonsusceptible (MIC Ͼ 4 mg/liter) non-cystic fibrosis clinical strains of P. aeruginosa characterized by the French National Reference Centre for Antibiotic Resistance was investigated. Fifty-six of these strains produced GES (n ϭ 5)-, KPC (n ϭ 3)-, IMP (n ϭ 16)-, NDM (n ϭ 1)-, SPM (n ϭ 1)-, and/or VIM (n ϭ 32)-type carbapenemases, with one isolate coexpressing enzymes GES-4 and VIM-1, and another one expressing IMP-7 and VIM-4 (see Table S1 in the supplemental material). In parallel, 62 strains of P. aeruginosa were used as carbapenemase-negative controls. These isolates overproduced the efflux pump MexAB-OprM (n ϭ 7), MexXY/OprM (n ϭ 4), or MexEF-OprN (n ϭ 3) and/or showed increased levels of intrinsic ␤-lactamase AmpC (n ϭ 48). Some strains contained additional narrow (n ϭ 4)-or broad (n ϭ 14)-spectrum ␤-lactamases. Sequencing of the porin OprD gene (oprD) in 20 randomly selected strains belonging to this group showed that all were OprD deficient as a result of various genetic events (see Table S2 in the supplemental material). All the ␤-lactamase genes were characterized by PCR and DNA sequencing (13) . Overexpression of genes encoding AmpC and efflux systems was assessed by real-time quantitative PCR after reverse transcription, as described previously (14) (15) (16) . Combined imipenem-cloxacillin disks were prepared daily by adding 10 l of cloxacillin solution (sodium salt monohydrate; Sigma-Aldrich) at 100 g liter Ϫ1 , 200 g liter Ϫ1 , 300 g liter Ϫ1 , and 400 g liter Ϫ1 to commercially available imipenem disks (10 g; Bio-Rad) in order to obtain a cloxacillin load of 1,000, 2,000, 3,000, and 4,000 g per disk, respectively. Preliminary experiments demonstrated the absence of an inhibition zone around disks impregnated with 4,000 g cloxacillin alone (i.e., without imipenem). Diffusion tests on Mueller-Hinton agar were performed according to the EUCAST recommendations, with bacterial suspensions calibrated at a 0.5 McFarland standard and plate inoculation with swabs. After 18 to 20 h of incubation at 35 to 37°C, the difference between the zone diameters around the imipenem disks with and without cloxacillin was calculated and expressed as ⌬d in millimeters.
As indicated by Fig. 1, ⌬d was Յ5 mm with all of the carbapenemase-producing strains, even with the highest load (4,000 g) of cloxacillin. No inhibition zone was visible around the imipenem-cloxacillin disk in 70% of the strains, of which most produced VIM-1,VIM-2, or VIM-4 enzymes, known to have a strong activity on imipenem (17) . The cutoff value of 5 mm was also found to apply to all the carbapenemase-producing strains exhibiting moderate resistance to imipenem, with inhibition zones between 11 and 19 mm (e.g., IMP-1, -7, -13, -15, or -19 or VIM-11). Interestingly, all these latter isolates produced wild-type porin OprD, as deduced from the sequence analysis of their oprD genes. Demonstrating that the combined-disk method using imipenem and 4,000 g cloxacillin (named I-C4000) is not influenced by OprD-dependent membrane impermeability, 12 out of 12 car-bapenemase-producing isolates known to harbor disrupted oprD genes also tested positive (see Table S1 in the supplemental material).
In noncarbapenemase producers, the ⌬d value increased with the cloxacillin load in combined disks. As already reported (8), 1,000 g per disk was not sufficient to inhibit the AmpC contribution to imipenem resistance in the OprD-deficient isolates. Comparative assays with 1,000 g, 2,000 g, 3,000 g, and 4,000 g resulted in 34, 11, 2, and 0 false positives, respectively, when considering a cutoff value of 5 mm (i.e., absence of carbapenemase activity if ⌬d is Ͼ5 mm). The complete results are detailed in Tables S1 and S2 in the supplemental material, and an illustration of the test is given in Fig. 2 .
In conclusion, the I-C4000 test is a simple and inexpensive presumptive method for routine detection of carbapenemasepositive P. aeruginosa. When systematically added to the standard antibiogram by diffusion, the imipenem-cloxacillin disk may allow the detection of potentially epidemic carbapenemase producers with 100% specificity and sensitivity the same day the drug susceptibility data are obtained. Thus, it may reveal useful to rapidly implement infection control measures and also to optimize the use of more sophisticated and expensive methods (e.g., PCR, chips) necessary to detect and characterize carbapenemase genes. The performance of the I-C4000 test with cystic fibrosis strains of P. aeruginosa is currently being investigated.
